Introduction
============

Polymer brushes^[@cit1]^ have attracted widespread interest for the control of interfacial phenomena ranging from lubrication^[@cit2]--[@cit6]^ to biological fouling.^[@cit7]--[@cit9]^ Brush layers may be formed by grafting preformed polymer chains onto a surface, or by growing polymers from surfaces using surface-initiated polymerisation. Among the latter class of methods, atom transfer radical polymerisation (ATRP)^[@cit10],[@cit11]^ has proved to be a powerful tool, offering the means to grow dense, relatively thick brushes with good control. There has been much interest in the use of polymer brushes to fabricate devices such as sensors.^[@cit12]^ Brushes can be designed to be stimulus-responsive,^[@cit13],[@cit14]^ and many brushes are known to be highly resistant to biological fouling.^[@cit7]--[@cit9],[@cit15]--[@cit19]^ For example, poly(oligo(ethylene glycol)ether methacrylate) (POEGMEMA)^[@cit9]^ and poly(2-(methacryloyloxy)ethyl phosphorylcholine) (PMPC)^[@cit15]--[@cit17]^ offer exceptional resistance to the adsorption of biological molecules. In this context, we have demonstrated that pH-responsive brushes comprising poly(cysteine methacrylate) (PCysMA) grown by ATRP confer exceptional biocompatibility and resistance to fouling to planar substrates.^[@cit19]^ Although not commercially available, the CysMA monomer is readily synthesized on a forty-gram scale in water at ambient temperature using cheap precursors, while PCysMA brush growth is both rapid and well-controlled when conducted in aqueous solution.

In many putative applications of brushes, the ability to form patterns is required. For example, spatially-controlled protein adsorption may be essential for a biological diagnostic device. One approach to the formation of a patterned polymer brush is to pattern an initiator and then use surface-initiated polymerisation to grow polymers from initiator-functionalised regions.^[@cit20]^ A wide range of methods has been used to form patterns of initiator, including microcontact printing,^[@cit20]--[@cit22]^ photopatterning,^[@cit23]--[@cit27]^ nanoimprint lithography,^[@cit28]^ scanning probe methods^[@cit13],[@cit29]--[@cit31]^ and electron beam lithography.^[@cit32]--[@cit36]^ Alternatively, an initiator-functionalised surface can be activated in a spatially selective fashion. For example, Prucker *et al.* grew patterned polymer brushes from a surface functionalised with a photo-initiator by using photolithography to expose selected areas of the surface.^[@cit37]^ Gradient structures, consisting of brush layers with controlled spatial variation in density, can be prepared by controlling the exposure when using either electron-beam lithography^[@cit38]^ or photolithography.^[@cit26],[@cit27],[@cit39]^ Alternatively, the controlled immersion of a substrate into a solution of a polymer.^[@cit40]^ Alternatively, a pre-formed polymer layer may be fabricated and then modified, for example by electron beam lithography.^[@cit41]^

However, methods for the spatial organisation of two contrasting brushes at a planar surface -- potentially vital in the design of many types of functional device -- are less well developed, particularly for nanopatterned brushes. Perhaps the simplest approach is to exploit phase separation in copolymer blends formed from immiscible polymers,^[@cit42]^ but for top-down control of architecture, lithographic processing is required.

One strategy for the fabrication of binary brushes is to adapt conventional photolithography, using an initial UV exposure and development protocol to pattern and grow one brush, and then removing residual photoresist to enable growth of a second brush.^[@cit43]^ However, development of the photoresist places some constraints on this approach. Prucker *et al.* used photolithography to form features in polystyrene films, into which a brush could then be grown to yield a two-component pattern.^[@cit37]^ Another approach is to form a continuous brush layer, which is then end-capped by reaction with an azide.^[@cit44],[@cit45]^ Exposure to UV light enables functionalization of selected regions of the surface with initiator sites, facilitating growth of a second brush.^[@cit44]^ Alternatively, the azide can be converted to an amine protected by a photocleavable group, allowing subsequent patterning.^[@cit45]^ Huck and co-workers described an approach based on micro-contact printing, in which a thiol-functional initiator is patterned onto a planar surface.^[@cit21]^ After brush growth, the initiator at the growing polymer chain-end is deactivated and a second patterning step is used to deposit initiator-terminated adsorbates in fresh regions of the surface to facilitate growth of a chemically distinct second brush layer.

For nano-scale patterned brushes, the technical problems are considerably more challenging. Hu *et al.* described an approach based on colloidal templating, in which an initial polymer forms a film on a substrate on which a close-packed array of colloidal particles has been formed.^[@cit46]^ Subsequently, the colloidal particles are removed and the resulting vacancies are filled with a second polymer. A scanning probe approach has been described by Chen *et al.*,^[@cit47]^ who formed a continuous planar brush layer and then used an array of cantilever probes to deposit initiator by pushing the probes through the brush layer until they contacted the substrate. A subsequent polymerisation step yielded nanoscale brush structures.

In this paper we describe a simple, new approach to the fabrication of binary brush structures that is applicable across multiple length scales, from microns to nanometres, and is compatible with inexpensive large-area processing. Aminosilane films are commonly used in ATRP; they may be brominated readily by amidation using 2-bromoisobutyryl bromide to facilitate subsequent brush growth. We reported recently that *N*-\[2-(2-nitrophenyl)propan-1-oxycarbonyl\] (NPPOC) groups can be used as photocleavable protecting groups for aminosilanes.^[@cit48]^ Exposure of the protected film to near-UV light leads to selective removal of the NPPOC group ([Scheme 1](#sch1){ref-type="fig"}), enabling derivatisation of free amines.^[@cit48],[@cit49]^ This enables spatial control of surface reactivity to be achieved at the micrometre scale using a mask, or at much shorter length scales using a near-field probe.^[@cit48],[@cit49]^ In the present study, we apply this strategy to the fabrication of binary polymer brushes, using a mask-based process to fabricate micrometre-scale structures and interferometric exposure to achieve high-fidelity patterning across macroscopic areas with nanometre scale resolution.

![Photodeprotection of NPPOC-APTES occurs on exposure to UV radiation.](c7sc00289k-s1){#sch1}

In principle, patterned supported lipid bilayers (SLBs) enable investigation of dynamical processes such as membrane signalling^[@cit50]--[@cit52]^ and electrophoresis.^[@cit53]--[@cit57]^ Thus an important overarching objective of the present study was to develop robust methods for the 2D confinement of SLBs. Recently, PCysMA has emerged as a very promising candidate brush for such work.^[@cit58]^ It is a non-fouling brush^[@cit19]^ that enables the selective adsorption and rupture of liposomes to form SLBs that contain highly mobile lipids.^[@cit58]^ The specific aim of the present study was to develop methods for the fabrication of PCysMA "corrals" within "walls" formed from a non-fouling brush, with the "corrals" enabling the construction of spatially-confined highly mobile SLBs. The data presented here demonstrate that judicious photopatterning combined with the use of nitrophenyl protecting groups and surface ATRP provides a convenient and effective means to produce well-defined binary brush structures.

Results and discussion
======================

Film formation and characterisation
-----------------------------------

NPPOC-APTES is a nitrophenyl-protected aminopropyltriethoxysilane that forms smooth, covalently-anchored thin films on oxide surfaces.^[@cit48]^ UV exposure causes elimination of the NPPOC group to yield the free primary amine ([Scheme 1](#sch1){ref-type="fig"}). NPPOC-APTES films were prepared on silicon oxide according to previously published methodology. The water contact angle of the virgin films was 68 ± 1°, which is similar to the value reported previously.^[@cit48]^ A surface roughness (RMS) of 0.4 nm was determined by AFM, confirming the formation of smooth films.

[Fig. 1a](#fig1){ref-type="fig"} shows the high-resolution N 1s spectrum of a virgin NPPOC-APTES film. Two bands are evident at 400.0 eV and 406.1 eV corresponding to the chemically distinct nitrogen atoms in the carbamate and nitro groups, respectively.

![(a) XPS N 1s core-line spectrum recorded for a virgin NPPOC-APTES film. (b) Evolution of the N 1s region with exposure at 244 nm. (c) Variation in the ratio of the intensities of the nitro and carbamate/amine components in the N 1s core-line spectrum after exposure at 244 nm.](c7sc00289k-f1){#fig1}

On UV irradiation of a NPPOC-APTES film at 244 nm, the intensity of the nitro component in the N 1s region was reduced significantly after a 1.5 J cm^--2^ dose ([Fig. 1b](#fig1){ref-type="fig"}). This indicates deprotection of the amine group, leading to loss of the nitrophenyl moiety from the surface. The binding energy of the carbamate nitrogen atom is very close to that of a nitrogen atom in an amine. In fact, these two environments are closer in energy than the spectrometer resolution and hence cannot be resolved.

[Fig. 1c](#fig1){ref-type="fig"} shows the variation in the ratio of the intensities of the components observed at 406.1 eV and 400.0 eV as a function of UV dose. As the dose increases, this ratio decreases. As photodeprotection increases, the component at 400.0 eV most likely results increasingly from photoemission from an amine (rather than a carbamate) nitrogen species.^[@cit48]^ This ratio reaches a limiting value at an exposure of ∼0.75 J cm^--2^. As far as we are aware, photodeprotection of NPPOC-APTES has not been studied at 244 nm previously. Alang-Ahmad *et al.* studied the behaviour after exposure at 325 nm,^[@cit48]^ and reported that the NO~2~ : NH~2~ intensity ratio reached a limiting value after a dose of ∼3 J cm^--2^, so the data shown in [Fig. 1c](#fig1){ref-type="fig"} suggest that deprotection is around four times faster for the more energetic photons used here.

Fabrication of polymer brush patterns
-------------------------------------

A reaction scheme for the fabrication of binary patterned polymer brushes is shown in [Scheme 2](#sch2){ref-type="fig"}. A mask is placed over a NPPOC-APTES functionalised wafer and subsequent UV irradiation (244 nm) leads to deprotection of amine groups in exposed regions. This surface-patterned wafer is then immersed in a BIBB solution, leading to installation of ATRP initiator sites in the exposed regions. Surface ATRP is conducted to produce the desired patterned polymer brush. The surface is then reacted with sodium azide to end-cap the first polymer brush, and exposed to near UV light (325 nm, not damaging to the first brush) to deprotect the remaining NPPOC-APTES adsorbates. These regions are functionalised with an initiator, enabling growth of the second brush by ATRP.

![Reaction scheme for the preparation of binary patterned polymer brushes.](c7sc00289k-s2){#sch2}

It is important to note that if strictly anhydrous BIBB is used to derivatise the patterned regions with initiators, a side-reaction can occur between the BIBB and the carbamate group of NPPOC-APTES, leading to the introduction of Br in regions that were not exposed to UV light. A detailed analysis of this side-reaction is provided in the ESI.[†](#fn1){ref-type="fn"} To prevent this side-reaction, a sub-stoichiometric amount of water should be present in the BIBB solution. Under such conditions, which were only identified by serendipity, only the regions of the sample that have been exposed to UV light are derivatized by the BIBB reagent.

Single component brush patterns were fabricated first (steps 1--3 in [Scheme 2](#sch2){ref-type="fig"}), and characterised by secondary ion mass spectrometry (SIMS). SIMS imaging is a powerful tool for the characterisation of patterned surfaces: it provides high molecular specificity and can be used to determine the spatial distribution of chemical fragments with high sensitivity.^[@cit59]^ Here, SIMS imaging was used to assess the extent of polymer growth from defects in masked regions (*i.e.*) sites where adventitious removal of the protecting group might have occurred.

Negative ion SIMS spectra of POEGMEMA are dominated by peaks assigned to small carbon--oxygen clusters, that are observed at low intensity in spectra of other materials. In order to eliminate any possibility for ambiguity, poly(2-(methacryloyloxy)ethyl phosphorylcholine) (PMPC) brushes were grown from patterned samples for SIMS analysis, rather than POEGMEMA brushes. PMPC yields unambiguous peaks corresponding to phosphorus-containing ions at *m*/*z* 62.97 (PO~2~ ^--^) and *m*/*z* 78.97 (PO~3~ ^--^) that are not expected to be observed in the SIMS spectra of any other materials used in this study. SIMS spectra of intact NPPOC-APTES films yielded peaks corresponding to CN^--^ (*m*/*z* 26.02), CNO^--^ (*m*/*z* 42.02) and NO~2~ ^--^ (*m*/*z* 46.01).

SIMS was used to image a micrometre-patterned PMPC brush. A complete spectrum was recorded for each pixel, enabling the distributions of anions of interest to be compared. [Fig. 2a](#fig2){ref-type="fig"} shows an image of the sum of the intensities corresponding to the PO~2~ ^--^ and PO~3~ ^--^ ions in the negative ion SIMS spectrum. Bright contrast is observed in regions exposed to UV radiation during photopatterning (squares). The photocleavable protecting group was removed in these regions, and PMPC brushes were subsequently grown from these locations *via* surface ATRP. However, dark contrast is observed for areas (bars) that were masked during UV exposure, indicating that the protecting group has remained intact, hence no brushes could be grown from these regions. It is perhaps worth emphasising here that ATRP is an unforgiving surface functionalization step: a single Br initiator defect leads to the introduction of a significant amount of undesired material because each polymer chain comprises up to hundreds of monomer repeat units. The substantial contrast difference observed between the masked and exposed areas shown in [Fig. 2a](#fig2){ref-type="fig"} thus indicates that adventitious deprotection of the masked surface regions is negligible.

![Left: Schematic diagram showing the fabrication of a patterned PMPC brush structure on a silicon wafer. (a) Ion image showing the variation in the summed intensities of the PO~2~ ^--^ and PO~3~ ^--^ ions. (b) Ion image showing the variation in the summed intensities of the CN^--^, CNO^--^ and NO~2~ ^--^ ions. (c) Ion image showing the distribution of intensity of the NO~2~ ^--^ ion (red) and the sum of the PO~2~ ^--^ and PO~3~ ^--^ intensities (green).](c7sc00289k-f2){#fig2}

[Fig. 2b](#fig2){ref-type="fig"} shows an image formed by summing the intensities of the CN^--^, CNO^--^ and NO~2~ ^--^ ions. As expected, bright contrast is observed for the masked regions (bars), while dark contrast is obtained in the exposed regions. [Fig. 2c](#fig2){ref-type="fig"} shows a false-colour image produced by superimposing a map of the NO~2~ ^--^ intensity (red) on that of the PO~2~ ^--^ and PO~3~ ^--^ intensity (green) assigned to the PMPC chains. Clearly, spatial confinement of both photodeprotection and brush growth can be achieved with excellent precision.

Inverting the tone of the resist
--------------------------------

During fabrication of the pattern shown in [Fig. 2](#fig2){ref-type="fig"}, NPPOC-APTES acts as a positive tone resist (*i.e.* the protecting group was removed during UV exposure, enabling subsequent brush growth from such regions). Alternatively, inverted contrast can be achieved after initial photodeprotection by treating the substrate with trifluoroacetic anhydride (TFAA). This reagent reacts with amine groups to form amides that are unreactive towards BIBB, hence brushes cannot grow from the exposed regions. The remaining unexposed regions can then be deprotected by irradiating the whole wafer at 325 nm, enabling subsequent reaction with BIBB and growth of polymer brushes *via* surface ATRP. Thus this strategy enables NPPOC-APTES to be utilised as a negative tone resist.

[Fig. 3](#fig3){ref-type="fig"} shows tapping mode AFM topographical images obtained for two POEGMEMA patterns produced with and without this blocking step. In [Fig. 3a](#fig3){ref-type="fig"}, the POEGMEMA brushes were grown from UV-exposed regions (squares) while the masked regions (bars) should contain no polymer chains. [Fig. 3b](#fig3){ref-type="fig"} shows a patterned wafer formed by first blocking the initial UV-exposed square regions by reaction with TFAA. The second exposure at 325 nm deprotected the bars, which were masked during the first exposure, enabling their functionalisation with ATRP initiator to facilitate brush growth.

![Tapping mode AFM topographical images of micropatterned POEGMEMA brush structures. (a) Pattern formed by reaction of UV-exposed regions with BIBB followed by ATRP. (b) Pattern formed by blocking UV-exposed regions by reaction with TFAA, followed by a second UV exposure at 325 nm, amidation of these exposed regions with BIBB and subsequent surface ATRP of OEGMEMA.](c7sc00289k-f3){#fig3}

Interferometric lithography
---------------------------

Nanostructured brushes were fabricated using interferometric lithography (IL). In this case, photodeprotection was achieved by exposing substrates to an interferogram formed using a Lloyd\'s mirror two-beam interferometer. At locations in which the sample was exposed to a maximum in the interferogram, the adsorbate was deprotected, enabling attachment of Br initiator molecules and the subsequent growth of polymer brushes by surface ATRP. As a result, linear brush nanostructures were formed. By controlling the angle between the sample and the mirror in the interferometer, the pitch of the nanostructures could be controlled. [Fig. 4](#fig4){ref-type="fig"} shows tapping mode topographical AFM images of POEGMEMA nanopatterned brushes formed using an exposure of 2.70 J cm^--1^ and angles of 5° (a) and 35° (b). The pitches of these structures are 1.10 μm and 206 nm, respectively, while the full widths at half maximum (FWHM) of these features are 404 nm and 83 nm, respectively. The heights of the narrower features ([Fig. 4b](#fig4){ref-type="fig"}) are significantly less than the heights of the features formed with a larger pitch ([Fig. 4a](#fig4){ref-type="fig"}). This is attributed to the significantly greater lateral freedom of the grafted chains in nanostructured brushes.^[@cit34],[@cit60]^

![(a and b) Tapping mode topographical images of nanostructured brushes formed by exposure of NPPOC-APTES films to a two-beam interferometer followed by surface ATRP of OEGMEMA. The angles between the sample and mirror were (a) 5° and (b) 35°. Representative line sections are shown beneath each image. (c and d) Fluorescence microscopy images of GFP adsorbed into the channels between nanostructured POEGMEMA brushes produced using IL. The mean channel width is 656 nm in (c) and 141 nm in (d).](c7sc00289k-f4){#fig4}

It is well-documented that POEGMEMA brushes strongly resist the adsorption of biomolecules on surfaces.^[@cit7],[@cit8]^ Thus the anti-biofouling performance of POEGMEMA nanostructured brushes was evaluated by immersing such wafers in an aqueous solution of green fluorescent protein (GFP) at 20 °C, followed by imaging using confocal fluorescence microscopy. [Fig. 4c and d](#fig4){ref-type="fig"} show images acquired for two samples for which the mean widths of the brush-free channels were 656 nm and 141 nm, respectively. Clearly, the fluorescence intensity is localised within well-defined lines, thus demonstrating the selective adsorption of GFP onto the NPPOC-APTES regions of the pattern. In [Fig. 4d](#fig4){ref-type="fig"}, the channel width is smaller than the diffraction limit; the observed feature sizes are most likely determined by the point-spread function of the optical system. Thus, although smaller structures were fabricated, it was not possible to resolve the features because of the intrinsic limitations of conventional optical microscopy. Nevertheless, there is no intrinsic reason why even finer protein patterns could not be formed using the nanopatterning strategy described herein. Such structures would require the utilisation of super-resolution microscopy techniques, *e.g.* STORM^[@cit61]^ or PALM^[@cit62]^ for characterisation studies.

Fabrication of binary brush structures
--------------------------------------

An initial single-brush pattern was first fabricated as described above (steps 1--3, [Scheme 2](#sch2){ref-type="fig"}). In principle, each grafted polymer chain should have a terminal Br atom. In practice, there is likely to be less than one Br atom per chain, because ATRP is only a pseudo-living radical polymerisation. All living chain-ends must be terminated with a non-living functional group if a second, chemically distinct polymer brush is to be grown from the surface. This was achieved by reacting the brush chain-ends with sodium azide, as described previously (step 4, [Scheme 2](#sch2){ref-type="fig"}).^[@cit21],[@cit45]^ This leads to replacement of each Br atom with an azide. The entire surface is then exposed to UV radiation at 325 nm (step 5), leading to removal of the remaining NPPOC protecting groups to generate surface amine sites. These are then amidated using excess BIBB to yield Br initiator sites (step 6) from which a second polymer brush is grown *via* surface ATRP (step 7). Our goal was to form "corrals" that enclosed supported lipid bilayers for studies of membrane diffusion processes. Thus a zwitterionic polymer, poly(cysteine methacrylate), PCysMA, was selected as the second brush. PCysMA chains may be grown in a well-controlled fashion from planar surfaces to yield stimulus-responsive, protein-resistant biocompatible brush layers^[@cit19]^ that enable the facile construction of supported lipid bilayers (SLBs).^[@cit58]^ Because the goal was to fabricate enclosures (or "corrals") for SLBs, the PCysMA brush thickness was selected to be less than that of the initial non-ionic POEGMEMA brush.

[Fig. 5a](#fig5){ref-type="fig"} shows an AFM topographical image of a brush structure formed by exposing an NPPOC-APTES film to UV radiation through a 600 mesh copper grid. The deprotected amine groups were reacted with BIBB to produce a brominated surface from which POEGMEMA brushes were subsequently grown. From the line section, the height difference between the masked and exposed regions was found to be 54 nm after surface ATRP. The POEGMEMA brush chain-ends were then azide-capped and the wafer was irradiated at 325 nm to remove the remaining NPPOC groups, which enabled PCysMA brushes to be grown from these regions. The height difference between the square and the bar region of the pattern was reduced to 33 nm ([Fig. 5b](#fig5){ref-type="fig"}), indicating the formation of a PCysMA brush with a mean thickness of 21 nm. SIMS imaging provided further evidence for the presence of two chemically distinct, spatially-organised brushes within the pattern. For PCysMA, CN^--^ (*m*/*z* 26), S^--^ (*m*/*z* 32.07), HS^--^ (*m*/*z* 33.07) C~2~HS^--^ (*m*/*z* 57.09), C~4~HS^--^ (*m*/*z* 81.12) and C~3~H~5~SO~2~ ^--^ (*m*/*z* 105.12) were identified as characteristic anions in the negative ion SIMS spectra. For POEGMEMA, the characteristic anions were determined to be C~2~H~3~O^--^ (*m*/*z* 43.04), C~2~H~2~O~2~ ^--^ (*m*/*z* 58.04) and C~4~H~5~O~2~ ^--^ (*m*/*z* 85.08). [Fig. 6c](#fig6){ref-type="fig"} shows a SIMS image formed by mapping the summed intensities of the ions that are characteristic of POEGMEMA, while [Fig. 5d](#fig5){ref-type="fig"} shows a SIMS image of the summed intensities of the PCysMA-specific ions. Comparison of these images confirms that each brush has been grown from precise surface regions on the patterned substrate: POEGMEMA chains have grown exclusively from the square regions exposed in the first stage of the patterning process, whereas PCysMA chains have grown from the remainder of the surface.

![(a) Tapping mode topographical image of a micropatterned brush formed by UV photopatterning an NPPOC-APTES film followed by surface ATRP of OEGMEMA. A representative height section is shown underneath. (b) Topographical image of the POEGMEMA brush sample shown in (a) following azide end-capping, UV exposure at 325 nm, BIBB treatment, and subsequent growth of PCysMA brushes *via* surface ATRP. (c) SIMS image of the binary brush pattern obtained by mapping the summed intensities of the C~2~H~3~O^--^ (*m*/*z* 43.04), C~2~H~2~O~2~ ^--^ (*m*/*z* 58.04) and C~4~H~5~O~2~ ^--^ (*m*/*z* 85.08) ions. (d) Complementary SIMS image formed by mapping the summed intensities of the CN^--^ (*m*/*z* 26), S^--^ (*m*/*z* 32.07), HS^--^ (*m*/*z* 33.07) C~2~HS^--^ (*m*/*z* 57.09), C~4~HS^--^ (*m*/*z* 81.12) and C~3~H~5~SO~2~ ^--^ (*m*/*z* 105.12) ions.](c7sc00289k-f5){#fig5}

![(a and b) Tapping mode AFM topographical images and corresponding representative line sections obtained for nanostructured POEGMEMA brushes before (a) and after (b) *in situ* growth of PCysMA brushes within the channels between the POEGMEMA brushes. (c and d) AFM phase images acquired simultaneously with the topographical images in (a and b), together with the corresponding line sections.](c7sc00289k-f6){#fig6}

Using IL, the same methodology can also be used to fabricate nanostructured binary brushes. First, nanolines were formed by UV exposure of NPPOC-APTES films using a Lloyd\'s mirror interferometer, functionalization of the deprotected amines with Br and finally surface ATRP of OEGMEMA. [Fig. 6a](#fig6){ref-type="fig"} shows a tapping mode topographical AFM image of the resulting patterned brush. The structures have a FWHM of 247 nm, and a mean peak-to-trough height of 12.8 nm. As noted above, nanostructured brushes typically exhibit significantly lower heights compared to uniform (*i.e.* non-patterned) brushes formed under identical conditions.^[@cit60]^ Moreover, height measurements were performed on dry brushes because the low moduli of solvent-swollen brushes make such studies technically challenging if reliable quantitative data are required.

The entire wafer was then exposed to UV radiation at 325 nm, leading to deprotection of all remaining APTES adsorbates, and the resulting surface amine groups were amidated to introduce Br initiator sites. PCysMA brushes were then grown from the channels between the nanostructured POEGMEMA brushes. A reduction in the apparent POEGMEMA brush height to 5.6 nm was observed ([Fig. 6b](#fig6){ref-type="fig"}), indicating the growth of a PCysMA brush layer with a mean thickness of 7.2 nm.

Unfortunately, imaging SIMS does not have sufficient resolution to confirm the formation of these binary brush nanostructures. Instead, AFM phase imaging was used to provide support for the formation of distinct surface regions occupied by the POEGMEMA and PCysMA brushes. In phase imaging, the phase lag between the driving oscillation applied to a cantilever in tapping mode and the cantilever response is measured; for viscous surfaces, there is a high rate of energy dissipation leading to a significant phase lag, but for elastic materials the phase lag is small. Thus, changes in the phase signal can be used to provide a qualitative map of chemically distinct surface regions.

[Fig. 6c and d](#fig6){ref-type="fig"} show AFM phase images recorded for POEGMEMA nanolines before and after PCysMA brush growth. In the absence of PCysMA, the phase difference between the POEGMEMA and NPPOC-APTES regions of the patterns was large (68.2°). This can be explained by the differing mechanical properties between the two regions of the pattern: the brush regions should have a small elastic modulus, and hence yield a high rate of energy dissipation, while the intervening regions, which are covered only with a thin film of NPPOC-APTES, are expected to yield a much lower rate of energy dissipation. The image shown in [Fig. 6c](#fig6){ref-type="fig"} was acquired simultaneously with that in [Fig. 6a](#fig6){ref-type="fig"}; comparison of the two suggests that the narrow bands of bright contrast in [Fig. 6c](#fig6){ref-type="fig"} correspond to the narrow regions evident in the line section through [Fig. 7a](#fig7){ref-type="fig"} where the POEGMEMA is entirely absent. Because IL yields a gradient of UV exposure, this creates a corresponding structural gradient from regions where the surface has been completely deprotected (maxima in the line section through [Fig. 6a](#fig6){ref-type="fig"}) and regions were there are no brushes (minima). Moreover, the comparatively high degree of freedom of nanostructured brushes means that there is some lateral "spread" in the surface-grafted POEGMEMA chains. However, after growth of the PCysMA brush, the phase contrast between the different regions is dramatically reduced to just 4.8°. This much lower phase contrast indicates that the entire surface is now covered with surface-grafted polymer chains, so that the rate of energy dissipation during tapping is relatively uniform.

![(a) Schematic diagram showing the confinement of an SLB on a PCysMA brush surrounded by POEGMEMA "walls". (b) Fluorescence micrograph of a series of dc trap structures obtained after liposome adsorption and subsequent *in situ* rupture to form an SLB. (c) Fluorescence micrograph of an SLB corralled within a dc trap immediately after photobleaching. (d) Micrograph of the same region 5 min after photobleaching. (e) Fluorescence recovery as a function of time after photobleaching. Circles: experimental data points. Red line: fitted recovery curve.](c7sc00289k-f7){#fig7}

Formation of supported lipid bilayers
-------------------------------------

These binary brush structures were used to enclose SLBs. We have previously demonstrated that highly mobile SLBs can be formed on PCysMA brushes, but not on POEGMEMA brushes.^[@cit58]^ In the present work, binary brush patterns were designed in which PCysMA brushes are enclosed within "walls" fabricated from POEGMEMA brushes ([Fig. 7a](#fig7){ref-type="fig"}). A low-magnification fluorescence microscopy image is shown in [Fig. 7b](#fig7){ref-type="fig"} of a structure consisting of six direct current (dc) traps of varying lengths fabricated from PCysMA brushes. These structures were designed for studies of electrophoresis in supported lipid bilayers after the work of Roth *et al.* ^[@cit57]^ In these traps, dye-labelled lipids accumulate in structures at the left-hand ends, giving rise to an increase in fluorescence. An SLB has been formed in the trap regions by rupture of vesicles containing a small concentration of a fluorescent dye. After initial UV exposure of an NPPOC-APTES film, during which the trap regions were masked, the walls (dark regions) were defined by surface ATRP of OEGMEMA. This patterned wafer was then exposed to UV radiation at 325 nm and a PCysMA brush was grown from the trap regions. The conditions used for this polymerisation of CysMA were controlled to ensure that the POEGMEMA "walls" were always higher than the PCysMA "trap" regions, as shown in [Fig. 5b](#fig5){ref-type="fig"} and [6b](#fig6){ref-type="fig"}.

Ternary lipid bilayers (DOPC : DOTAP : NBD--DHPE = 74 : 25 : 1) were formed on PCysMA brushes using the method described in the Experimental section. Because the bilayer contained 1 mol% NBD--DHPE (a green fluorescent dye), it was possible to evaluate the efficiency of containment of the bilayers by fluorescence microscopy ([Fig. 7b](#fig7){ref-type="fig"}). Clearly, fluorescence is observed only within the trap structures. Moreover, the surrounding POEGMEMA regions remain dark, indicating that liposome adsorption is negligible on these non-fouling brushes. Thus the POEGMEMA "walls" confine SLB formation to the PCysMA regions defined in the initial UV exposure.

To determine whether the lipids within the SLB confined within the trap regions remained mobile, fluorescence recovery after photobleaching (FRAP) experiments were performed. [Fig. 7c](#fig7){ref-type="fig"} shows a fluorescence micrograph recorded for an SLB supported on PCysMA brushes within one of the trap structures shown in [Fig. 7b](#fig7){ref-type="fig"} immediately after photobleaching. [Fig. 7d](#fig7){ref-type="fig"} shows the same region 5 min after photobleaching: the dark spot has disappeared, and the fluorescence has become uniform again. This provides qualitative evidence that the lipids within the SLB are mobile. [Fig. 7e](#fig7){ref-type="fig"} shows this fluorescence recovery as a function of time. The data have been fitted (red curve in [Fig. 7e](#fig7){ref-type="fig"}). Analysis of the recovery curve using the Axelrod method^[@cit63]^ yields a mobile fraction of 93% and a diffusion coefficient of 1.36 μm^2^ s^--1^, which are comparable to literature values determined for the same lipids on positive control surfaces such as glass.^[@cit58]^ These data provide strong evidence that the PCysMA "corrals" formed within POEGMEMA "walls" enable the construction of spatially-confined, highly mobile SLBs.

Conclusions
===========

Photopatterning of NPPOC-APTES films provides a facile and versatile route to the fabrication of well-defined two-component brush structures. Exposure of NPPOC-APTES through a mask enables the fabrication of micrometre-scale patterns of amines, which enables convenient attachment of initiator sites for brush growth *via* atom transfer radical polymerisation. Analysis by atomic force microscopy and imaging secondary ion mass spectrometry confirms that non-ionic POEGMEMA brushes are produced with high fidelity. Nanometre-scale initiator structures can be fabricated using a Lloyd\'s mirror interferometer in place of a mask during UV exposure. Surface ATRP of POEGMEMA produces nanopatterned brushes that enable formation of high-fidelity protein nanopatterns with negligible non-specific adsorption on brush regions. Alternatively, a second brush component can be introduced *via* UV irradiation of NPPOC-APTES groups that remained intact after the first UV exposure. Bromination of the resulting aminated regions facilitates growth of a second zwitterionic PCysMA brush by ATRP. Atomic force microscopy and imaging secondary ion mass spectrometry confirm that high spatial confinement of the two brushes can be achieved, producing PCysMA "corrals" enclosed within POEGMEMA "walls". Liposomes do not interact with the anti-biofouling POEGMEMA brush layer. Instead, they adsorb selectively onto the PCysMA brush layer, undergoing *in situ* rupture to form well-defined highly mobile lipid bilayers as judged by FRAP measurements.
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[^1]: †Electronic supplementary information (ESI) available: A detailed discussion of the optimisation of NPPOC-APTES patterning and functionalization chemistry, and full experimental details. See DOI: [10.1039/c7sc00289k](10.1039/c7sc00289k) Click here for additional data file.
